Abstract
Purpose To investigate microanatomical relationships during surgical repair of macula involving retinal detachment with pars plana vitrectomy (PPV) and perfluoron (PFO) with a microscope-integrated intraoperative optical coherence tomography (iOCT) device.
Patients and methods This consecutive case series included nine eyes of nine patients with macula involving retinal detachment operated by a single surgeon at the Cincinnati Eye Institute. All patients underwent PPV, PFO injection, endolaser, and air-fluid exchange.
The macula was imaged with iOCT before PFO injection, after PFO injection, and after air-fluid exchange in all eyes.
Results iOCT imaging was ergonomically easy to obtain in all eyes. iOCT clearly demonstrated submacular fluid (SMF) at the beginning of the surgery, macular flattening under PFO in all eyes, small residual SMF under PFO in six of nine eyes, and increased occult SMF following air-fluid exchange in all eyes. Conclusion Microscope-integrated iOCT is a versatile and powerful imaging modality that holds a great deal of promise in the future. Its confirmation of persistent occult SMF in this small series of macular involving retinal detachment repair with PFO, may inform surgical decision making, and demonstrates a pathophysiological rationale for initial facedown positioning after retinal detachment repair.
Eye ( 
Introduction
Intraoperative OCT (iOCT) has recently been introduced by several research groups, [1] [2] [3] [4] and has been reported to be useful in vitreoretinal, [5] [6] [7] [8] anterior segment, 9-11 and glaucoma surgery. 12 In Europe and in the United States, microscopeintegrated iOCT units are commercially available from two different manufacturers. The placement of perfluoron (PFO) during vitrectomy surgery for retinal detachment repair was a revolutionary and transformational surgical technique first developed by Stanley Chang in 1987. 13 Heavy liquids are placed to reattach the retina and displace subretinal fluid (SRF) anteriorly. An air-fluid exchange (AFx) or a silicon-oil-PFO exchange is then performed paying very close attention to meticulously drying breaks to remove SRF. 13 Unfortunately, postoperative metamorphopsia is a common occurrence after macula involving retinal detachment repair, and residual submacular fluid (SMF) has been suggested as a contributing factor for postoperative metamorphopsia in these patients. [14] [15] [16] Retinal slippage and macular folds are less common complications that persist despite the use of heavy liquids. [17] [18] [19] Residual SMF may also have a pathophysiological role in these complications. [14] [15] [16] [17] [18] [19] [20] [21] Owing to the challenges of visualization under air tamponade, the presence or absence of SMF may be difficult to ascertain intraoperatively by direct visualization.
In this study we use iOCT to investigate microanatomical relationships during surgical repair of macula involving rhegmatogenous retinal detachment with pars plana vitrectomy (PPV) and PFO.
Materials and methods
Institutional Review Board approval was obtained for this prospective consecutive case series. Nine eyes of nine patients operated for macula involving rhegmatogenous retinal detachment with PPV and PFO injection were imaged with the Haag Streit iOCT (Haag Streit Surgical, Wedel, Germany). This study was performed in the context of the FDA application process for 510k approval of this unit. An IDE was not required by the FDA for this trial. All patients signed an informed consent both for surgery and imaging with the Haag Streit iOCT device. All patient interactions and all data collection were done in accordance with the Health Insurance Portability and Accountability Act and the Declaration of Helsinki.
iOCT specifications
The Haag Streit iOCT camera mounts directly to a beamsplitter on the Haag Streit Hi-R NEO 900 NIR microscope (Haag Streit USA, Mason, OH, USA). A control unit is placed away from the surgical field on the back of the microscope and a touch screen user interface is mounted in an accessible location for the operating surgeon. Near-infrared tuned optics allow the iOCT to be integrated into and remain parfocal with the optical focal plane of the microscope. The iOCT is coupled to the surgical microscope's focus and zoom, which streamline the workflow of OCT image acquisition.
The iOCT obtains 10,000A-scans per second. Its scan window is 4.2 mm deep and varies between 5 and 30 mm wide depending on zoom settings and the ancillary retinal imaging lenses being used. The axial resolution of the iOCT is about 10 μm in the air, and about 7.5 μm inside the retina tissue. The best achievable lateral resolution is 11 μm. The iOCT images the anterior segment without a contact lens, performs high resolution macular scans through a direct contact lens, and can acquire wide field line scans through the Haag Streit near IR EiBOS 2 non-contact wide-angle viewing system. The EiBOS 2 system (Haag Streit USA) was used for all wideangle viewing during surgery.
Surgical technique
All surgeries were performed with retrobulbar anesthesia by a single surgeon (CDR). The 25-gauge three-port PPV -without scleral buckling-was performed using the Alcon Constellation vitrectomy system (Ft Worth, TX, USA). Core and peripheral vitrectomy was performed with careful attention directed toward relieving all tractional forces on the peripheral retina and on all identified retinal breaks, which were marked with endocautery. PFO was raised to the posterior most margin of the anterior most retinal break. A fluid-fluid exchange was then performed to aspirate as much SRF as possible through the retinal break with good visualization under balanced salt solution (BSS) infusion. This was followed by AFx with meticulous attention directed toward drying the edges of all retinal breaks from anterior to posterior as the PFO bubble was removed. Endolaser retinopexy was performed both before and after the AFx. Internal limiting membrane peeling was not performed in any of the surgeries.
The macula was imaged with iOCT in all eyes at various points during the surgery. These included; before PFO placement, after PFO placement, and after AFx. A sterile patch and shield were applied, and all patients were positioned face down for 24 h after surgery. Patients were specifically asked about metamorphopsia symptoms at all postoperative visits. No objective metamorphopsia measurements were obtained.
Results
Nine eyes of nine patients were included in the study. Six patients were men and three were women. Four right eyes and five left eyes were operated. All eyes were pseudophakic preoperatively. Patient age ranged from 63 to 82 years. Preoperative visual acuity ranged from 'hand motions' to 20/200 and improved to 20/40 or better in all eyes. Preoperative duration of macular detachment was 1-5 days by history. No eyes were clinically noted to have full-thickness macular hole preoperatively or during the surgical repair. All eyes had one or more peripheral retinal break(s) identified preoperatively. Retinal reattachment was successful with a single surgery in all eyes. No eyes developed proliferative vitreoretinopathy. All patients denied complaints of postoperative metamorphopsia when queried during the postoperative period. Follow-up was over 6 months for all patients.
iOCT imaging was ergonomically easy to obtain in all eyes through a macular contact lens and through the NIR EiBOS 2 non-contact wide-angle viewing system. iOCT image quality was interpretable and clinically informative when imaging through BSS, PFO, and air in all eyes. The iOCT was able to clearly demonstrate macular involvement of the retinal detachment in all eyes at the beginning of the case. Posterior segment flattening under PFO was evident in all nine eyes and a small amount of residual SMF was definitely present in 6 (66%) eyes under PFO and possibly present in an additional two eyes. Increased SMF-which was not evident clinically-was present in all eyes after the AFx (Figure 1 ). This occurred despite meticulous almost exaggerated attention to drying the retinal breaks during the AFx and PFO removal portion of surgery in all eyes.
Discussion
This small, consecutive, single-surgeon pilot series of microscope-integrated iOCT imaging during surgical repair of uncomplicated short-duration macula involving rhegmatogenous retinal detachment with PPV and PFO has several notable findings.
Microscope integration of this iOCT unit made the ergonomics and workflow of image acquisition very facile. This is congruous with published reports of other integrated iOCT units. 4, 10, 22, 23 We believe that as this technology continues to be developed, microscopeintegrated iOCT may be preferable to handheld iOCT units 24, 25 or iOCT units mounted separate from the microscope on a dedicated swing arm. 5, 26 Several studies have reported iOCT findings and all have published selected patient images, which best illustrate the clinical points of the authors. Our report publishes serial images of all patients through BSS, PFO, and air irrespective of corneal irregularity, cataract, or other media opacity. We show an unselected, real-world cross-section of one iOCT unit's performance in a realworld patient population. iOCT image quality was found to be clinically relevant in all patients irrespective of degree of media opacity. Comparisons of iOCT image quality between different iOCT units are beyond the scope of this paper, but will be important and should be a focus of further study.
In our series, the iOCT confirmed persistent shallow SMF present under PFO in at least two out of three of our patients. This finding is congruous with previous reports. Ehlers et al identified 100% of persistent subclinical SRF under PFO in retinal detachment patients by using iOCT. 6 In the PIONEER study, iOCT imaging of 44 eyes undergoing retinal detachment surgery identified variable amounts of residual SRF following PFO placement. 27 The etiology of variable but small amounts of SMF under PFO is unknown. The viscosity of SRF increases with the duration of retinal detachment. 28 Although the duration of macular detachment can sometimes be ascertained with careful history taking, the duration of peripheral retinal detachment before macular involvement is often not known. The SRF of a longerduration retinal detachment is more viscous and may be less well mobilized by PFO.
Clinic-based OCT has been shown to successfully image through gas in 80-90% of eyes after macular hole surgery, 29, 30 however iOCT imaging through gas or air has not been reported. To our knowledge, our series is the first to report iOCT findings under air in retinal detachment patients. We found markedly increased SMF after AFx in all eyes compared with the SMF present under PFO, despite meticulous almost exaggerated attention to drying of all retinal breaks. iOCT confirmation of large but clinically occult SMF under air supports the previously published suggestion that SMF may contribute to postoperative metamorphopsia, [14] [15] [16] retinal slippage, 17 and macular folds. 18, 19 It also provides a clinical rationale supporting the practice of strict face-down positioning for at least 24 h after repair of macula involving retinal detachment with PPV and PFO regardless of whether residual posterior SMF is clinically evident. We believe that face-down positioning may be more important in patients with longerduration retinal detachment and more viscous SRF. Unfortunately, the true duration of retinal detachment is often difficult to clinically ascertain and more research is needed.
The iOCT imaging we acquired during these nine surgeries depicted clinically relevant microanatomy, which was often not easily visualized through the microscope and sometimes not at all. iOCT imaging in this small series of RD patients definitely impacted surgical decision making by informing our perception for the need for face-down positioning postoperatively, all patients were positioned face down, which would not have been the case without iOCT imaging. Furthermore, our pilot data suggest that in patients where postoperative face-down positioning might not be possible (owing to orthopedic, respiratory, or obesityrelated limitations), iOCT imaging is of sufficient quality to inform the decision of whether to drain any identified residual SMF with a posterior drainage retinotomy and where to perform such a drain. This experience seemed analogous to our initial experiences with clinic-based OCT many years ago. We believe that the ergonomics and workflow of iOCT image acquisition will be further refined, iOCT image quality will improve, and the utility of iOCT will become better elucidated. Over time iOCT will evolve to become increasingly important and perhaps standard of care in the surgical management of a variety of vitreoretinal diseases. Several recent publications support this prediction including iOCT visualization of epiretinal membrane, 5 retinal detachment 6,27,31 macular hole, 7, 32 and vitreomacular traction. 8 Additional reports have demonstrated the usage of iOCT in anterior segment [9] [10] [11] and glaucoma surgery. 12 The PIONEER study concluded that iOCT may impact surgical decision making in both anterior and posterior segment cases. 27 iOCT will likely become an integral part of any exam under anesthesia, performed on uncooperative adults or pediatric patients. Future advances in digital microscopy with 3DHD machine vision 33 and expanded multispectral imaging 34 may also present the opportunity for iOCT to be integrated into a real-time digital viewing system. This study has significant limitations. Our sample size is very small and includes patients of only a single surgeon. Postoperative metamorphopsia was assessed in a subjective nonrobust fashion. Metamorphopsia complaints of a control group of patients without facedown positioning are not reported and etiologies of postoperative metamorphopsia in these patients other than residual SMF are not considered or discussed. Nonetheless, we believe that our data allow for some clinically relevant conclusions about the new and rapidly evolving field of iOCT.
Microscope-integrated intraoperative real-time OCT may be beneficial during surgical repair of macula involving retinal detachment in a way that can inform surgical decision making. The presence of occult and increased SMF after AFx in all eyes of our case series of macular involving rhegmatogenous retinal detachment repaired with PPV and PFO has informed our understanding of the importance of strict face-down positioning after surgery. We believe that this small case series represents an example of how iOCT imaging may inform surgical decision making and possibly improve surgical outcomes. More study is needed as this new promising technology continues to evolve.
Summary
What was known before K Owing to the challenges of visualization under air tamponade, the presence or absence of small amounts of residual submacular fluid may be difficult to ascertain intraoperatively by direct visualization after air-fluid exchange.
K Intraoperative OCT imaging through gas or air has not been reported.
K If residual submacular fluid is not present at the end of the retinal detachment repair, face-down positioning is not usually required.
What this study adds K This is the first study known to us to report intraoperative OCT findings after air-fluid exchange.
K Intraoperative OCT reveals significant residual submacular fluid after air-fluid exchange despite the use of perfluoron and very careful attention to surgical technique in macula involving retinal detachment patients.
K Intraoperative OCT provides a clinical rationale supporting the practice of strict face-down positioning for at least 24 h after repair of macula involving retinal detachment with pars plana vitrectomy and perfluoron regardless of whether residual posterior submacular fluid is clinically evident.
K The findings obtained with intraoperative OCT indirectly support the creation of a posterior drainage retinotomy in patients who are unable to position face down.
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1.
Your patient is a 72-year-old man undergoing surgical repair of the macula involving retinal detachment with pars plana vitrectomy (PPV) and perfluoron (PFO). According to the small, consecutive case series by Toygar and Riemann, which of the following statements about the feasibility of microscope-integrated intraoperative optical coherence tomography (iOCT) is correct?
A iOCT imaging was ergonomically difficult to obtain in all eyes.
B
Microscope integration of the iOCT unit facilitated the ergonomics and workflow of image acquisition. C Feasibility of iOCT imaging in this study differed significantly from that in other reports.
D
Handheld iOCT units or iOCT units mounted separate from the microscope on a dedicated swing arm are preferable to microscope integration of the iOCT unit.
2.
According to the small, consecutive case series by Toygar and Riemann, which of the following statements about the anatomic findings of microscope-integrated iOCT for patients undergoing surgical repair of the macula involving retinal detachment is correct?
A iOCT could not visualize submacular fluid (SMF) at the beginning of the procedure.
B
Of nine eyes, two had small residual SMF under PFO. C iOCT showed increased occult SMF following air-fluid exchange in four of nine eyes. D iOCT showed macular flattening under PFO in all eyes.
3.
According to the small, consecutive case series by Toygar and Riemann, which of the following statements about the potential future role of microscope-integrated iOCT for patients undergoing surgical repair of the macula involving retinal detachment is correct?
A Microscope-integrated iOCT is a versatile, powerful imaging modality holding considerable promise for the future. B Microscope-integrated iOCT is unlikely to inform any surgical decision making. C Microscope-integrated iOCT provides a clinical rationale supporting the practice of strict face-up positioning for at least 24 h after macular repair. D iOCT imaging is of insufficient quality to help the surgeon decide whether to drain any identified residual SMF with a posterior drainage retinotomy and where to perform such a drain. 
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